M
embers of the genus Photorhabdus are Gram-negative, motile bioluminescent bacteria that maintain two distinct life styles as insect pathogens and as symbionts of entomopathogenic heterorhabditid nematodes (for reviews, see references 1, 2, 3, 4, 5, 6, and 7). Based on molecular analysis, the genus is divided into three bacterial species: Photorhabdus luminescens, Photorhabdus temperata, and Photorhabdus asymbiotica (8, 9) . Several subspecies are recognized.
The life cycle of Photorhabdus and its nematode host Heterorhabditis is best described as a cyclic association that begins and ends with infective juvenile nematodes (IJs). The bacteria are carried inside the gut of the nonfeeding third-instar infective-stage nematode. These nonfeeding IJs retain a monoculture of Photorhabdus within the anterior region of the intestine (10) (11) (12) . The specific pair interaction between Photorhabdus and Heterorhabditis is highly restrictive, where one species of nematode retains only one species of bacteria.
The IJ nematodes are relatively resistant to environmental stress and provide protection to the bacteria. Since the bacteria alone are unable to penetrate the insect, the IJ serves as a vector transporting the bacteria to an insect host (12) . The nematodes actively seek out and infect insect hosts by entering through natural openings or burrowing directly through the insect cuticle (13) . The host range of these nematodes includes grubs, weevils, ticks, cockroaches, crickets, and the larval stage of many insects (14) . Once inside the insect, the nematodes regurgitate the bacteria into the hemolymph (10) . The bacteria release highly virulent toxins (15) (16) (17) (18) , which results in insect death in less than 48 h. As the bacteria enter the stationary phase of their growth cycle, they secrete extracellular enzymes such as proteases (19) , lipases (20) , and hemolysins (21) . These enzymes aid in breaking down insect tissue, thereby providing nutrients for both the bacteria and nematodes. The bacteria also generate essential growth factors for nematode growth and development. The growth and development of Heterorhabditis nematodes have an obligate requirement for their specific bacterial symbiont (22) . In addition, the bacteria release antibiotics to prevent secondary invaders and putrefaction of the insect carcass (23, 24) . After several days of feeding, the nematodes and bacteria reassociate and leave in search of a new insect host.
Photorhabdus exists in two phenotypic phase-variant stages known as the primary and secondary phases (25) (26) (27) . The two phase variants can be differentiated by several phenotypic traits, such as dye absorption, production of extracellular enzymes, bioluminescence, and cellular morphology (28, 29) . Infective-stage nematodes harbor the primary-phase variant, which exhibits larger amounts of antibiotics, lipases, phospholipases, proteases, pigmentation, and bioluminescence than the secondary-phase variant (3, (25) (26) (27) 30) . The primary-phase variant is able to swim and swarm under oxic and anoxic conditions, but the secondaryphase variant is motile only under anoxic conditions (31, 32) . Although both variants are as virulent as their insect hosts, the secondary-phase variant is far less effective at providing conditions to support nematode growth, development, and reproduction (6, 9) . Within the nematode, the bacteria are predominately maintained as primary-phase cells, and the nematodes grow preferentially in association with primary-phase cells. Although both phase variants have been isolated from IJs of their nematode partners (33) , the numbers of IJs released from their insect host are increased with the primary-phase form. The exact molecular mechanism and biological significance of phase variation in these species remain unknown. The secondary-phase variants are defective in supporting nematode reproduction, suggesting an alternative ecological role such as survival outside the nematode and insect hosts (33, 34) .
Our understanding of these bacteria has been greatly enhanced by the genome sequencing of two of the three established species: P. luminescens TT01 (35) and P. asymbiotica ATCC 43949 (36) . The P. luminescens genome contains the largest number of putative insect toxin genes for any known bacterial genomes sequenced (35) . This gene redundancy is thought to ensure the death of a wide range of insect hosts (37) . The P. asymbiotica genome contains many genes that are responsible for virulence against human hosts. Among these genes are unique genes that may be responsible for the transition from insect pathogen to human pathogen.
Our interest in Photorhabdus is an extension of our studies on signal transduction and symbiosis. P. temperata is capable of swimming (movement in liquids) and swarming (movement on solid surfaces) motility (31, 32) . Both swimming and swarming motility require the presence of additional salt (NaCl or KCl) in the medium. Motility increases the overall competitive fitness of P. luminescens during the insect infection process (38) . In this study, we sequenced the genome from a third Photorhabdus species (P. temperata) and performed comparative analysis of the three Photorhabdus genomes. A genetic approach was initiated to identify mutants with altered swimming and swarming motility that were also modified in pathogenesis and/or symbiosis. We present the results of that mutant search and genome analysis.
MATERIALS AND METHODS
Bacterial strains and growth conditions. For this study, both primaryand secondary-phase variants of Photorhabdus temperata (formerly Xenorhabdus luminescens [8, 39] ) NC19 (ATCC 29304) and P. temperata Meg1 were used (40) . Primary-phase cells were used to generate the mutant library that was also used in these experiments. For each subculture, phase status was identified by pigmentation and by differential dye absorption (27) . Differential dye absorption was determined when the strains were grown on NBTA (nutrient agar supplemented with 25 mg of bromothymol blue and 40 g of triphenyl 2,3,5-tetrazolium chloride per liter) or when they were grown on MacConkey agar (bromothymol blue and neutral red absorption, respectively). Primary-phase-variant colonies are blue on NBTA and red on MacConkey agar, while secondary-phasevariant colonies are red on NBTA and off-white on MacConkey agar. On LB medium, primary-phase-variant colonies of strain NC19 were pigmented (yellowish orange), while secondary-phase-variant colonies were off-white.
Cells were grown and maintained at 28°C in LB medium as described previously (31) , unless otherwise noted. When appropriate, kanamycin was added to a final concentration of 25 g/ml.
Genome sequencing. Genomic DNA (gDNA) was isolated from overnight cultures grown in LB medium using the Qiagen genomic DNA isolation kit and following the procedure outlined for bacterial gDNA isolation. The gDNA eluted from the column was precipitated by the addition of 0.7 volume of room temperature isopropanol and recovered by spooling the precipitated DNA. The spooled gDNA was immediately transferred to a microcentrifuge tube containing 1.5 ml nuclease-free water. After the gDNA was dissolved, the quality and quantity of the gDNA were determined.
The purified gDNA was sent to the Genome Sequencing Center at the University of Indiana for genome sequencing by 454 pyrosequencing technology. One plate of genomic sequencing and one plate of 2-kb paired-end sequencing were performed to generate the 17 scaffolds for the genome. The number of genome sequencing gaps was brought down from 130 to 81 using PCR-based amplicon sequencing.
Sequence assembly and bioinformatics analysis. The genomic sequence generated by 454 technology and PCR amplicon sequencing was assembled de novo by the Newbler assembler, which is part of the 454 platform. The orientation and order of scaffolds were determined by a combination of bioinformatic and laboratory-based methods. The scaffold arrangement was predicted by the use of the MAUVE program (41) and confirmed by pulsed-field gel electrophoresis (PFGE) analysis. The final draft assembly contained 17 scaffolds. The total size of the genome was 5.23 Mbp, and the final assembly is based on 218 Mbp of 454 data, which provides an average 39ϫ coverage of the genome.
Genome annotation was performed within the Integrated Microbial Genomes (IMG) platform developed by the Joint Genome Institute, Walnut Creek, CA (42) . Genes were identified using Prodigal (43) . The predicted coding sequences (CDS) were translated and used to search the National Center for Biotechnology Information (NCBI) nonredundant database and the UniProt, TIGRFam, Pfam, KEGG, COG, and InterPro databases. The tRNAscan-SE tool (44) was used to find tRNA genes, whereas rRNA genes were found by searches against models of the rRNA genes built from SILVA (45) . The sequence alignment of the 16S rRNA was performed using ClustalW (46) . Orthologs among the Photorhabdus genomes were determined by a modified Lerat method (47) . A concatenated phylogenetic tree was generated from 1,203 conserved orthologs. For phylogenetic analysis, maximum-parsimony and neighbor-joining trees were constructed from 1,000 bootstrap replicates using MEGA 5.0 (48) . To visualize their comparative analysis, the Photorhabdus genomes were aligned by use of the ARTEMIS Comparison Tool (ACT) (49) . The metabolic potential of the P. temperata genome was analyzed by the use of the antiSMASH program (50, 51) .
Transposon mutagenesis and generation of a mutant library. Cells of P. temperata NC19 were mutagenized by mini-Tn5 according to the method of Ciche et al. (52) . To help reduce sibling mutation, the mutant library was generated from seven different batches, and 500 to 2,800 mutants were isolated in each batch. A bank of about 10,000 transposon primary-phase mutants was isolated, grown overnight, and stored in microtiter plates with glycerol at Ϫ80°C. This bank of the mutant library consists of about 100 microtiter plates and was used in the experiments described below.
Motility assays. Both swimming (movement in liquids) and swarming (movement on solid surfaces) behaviors were measured by swim and swarm plate migration assays as described previously (31, 32) . For experiments assaying the salt requirement, NaCl was omitted from the swim growth medium.
Screen for motility mutants. Individual colonies of transposon-induced mutants of P. temperata were screened for motility mutants by the use of the swim and swarm plate migration assays (31, 32) . Swim and swarm media were poured into oversized petri dishes (150 by 15 mm; Fisher Scientific, Canada). Using a 96-well replicator, the transposants, which had been stored at Ϫ80°C, were transferred into new 96-well microtiter plates containing fresh LB medium and incubated overnight at 28°C. The freshly grown overnight culture was replica plated directly into swim medium or on top of the swarm medium. The motility plates were incubated at 28°C up to 72 h and monitored every 6 to 8 h for mutants with altered motility behavior compared to the parental wild type. Thus, the library was rapidly screened and putative mutants were selected. All preliminary mutants were retested on individual motility plates. Confirmed mutants were suspended in 30% glycerol and stored at Ϫ80°C for further study.
Phenotypic characterization. Dye absorption with NBTA and MacConkey media was assayed as described above. In addition, EB agar (eosin Y and methylene blue at 400 and 65 mg/liter, respectively, in 2% PP3 agar [consisting of 2.0% proteose peptone 3 and 1.5% Bacto agar]) was used. Hemolytic activity was determined by observing a clearing surrounding the bacterial colonies cultured on a blood agar. Protease activity was determined by the gelatin assay (27) . DNase activity was determined on DNase test agar containing methyl green. Antibiotic activity was evaluated by placing a 5-mm-diameter plug, taken at a point 5 mm from confluent growth of a 96-h culture of P. temperata on PP3 agar, onto a plate of LB medium that had been inoculated with Micrococcus luteus cells.
Growth assay. Overnight cultures were diluted in fresh LB medium to a final optical density at 600 nm (OD 600 ) of 0.01. The diluted cell cultures (150 l/well) were added to wells of a 96-well polystyrene microtiter plate. The inoculated plate was placed in a Tecan plate reader with Magellan software (Tecan Group Ltd., Switzerland) and incubated at 28°C with shaking. The OD 600 of the plate was determined each hour for a 24-h period. The average and standard deviation of each sample was determined from replicate wells (n ϭ 8), and these values were plotted versus time. The doubling times were determined for the mutants and the parental primary-phase wild type.
Retrieval of DNA flanking the mini-Tn5 of the mutants. Genomic DNA from the mutants was purified by the cetyltrimethylammonium bromide (CTAB) method (53) . The purified DNA was digested with the restriction enzyme NsiI (the mini-Tn5 contains no NsiI sites) and was self-ligated. After isopropanol precipitation, the DNA was transformed by electroporation into Escherichia coli DH5␣. Transformants containing the mini-Tn5 were selected by being resistant to kanamycin. The retrieved plasmid was purified and digested with NsiI and SfiI to confirm that the plasmid contained a single NsiI restriction fragment and the mini-Tn5 (determined by the presence of a 2.9-kb SfiI restriction fragment), respectively.
Sequence analysis. The sequences of the DNA flanking the transposon insertions were obtained by using the M13 forward and reverse primers located 40 or 60 bp from the inverted repeat termini of the transposon. DNA sequencing was performed by the Hubbard Genome Center at the University of New Hampshire at Durham. Comparison of the DNA sequence to the P. temperata genome database was done using the BLAST program.
Southern hybridization. Genomic DNA was prepared from mutant and wild-type P. temperata. Southern blot analysis was performed under high-stringency conditions using an AlkPhos direct labeling and detection system (GE Healthcare Bio-Science, Piscataway, NJ). The probes were prepared by PCR with the following primers: PT-KAN-F, GTA AAC TGG ATG GCT TTC TTG CCG, and PT-KAN-R, ATA TCA CGG GTA GCC AAC GCT ATG. Probe labeling, hybridization, washing, and detection were performed according to the manufacturer's protocol.
PFGE. Pulsed-field gel electrophoresis (PFGE) was performed as described previously (54) . The DNA was cut with the restriction enzyme NotI, and the fragments were resolved and analyzed by PFGE under the appropriate conditions. Axenic nematode cultures. Heterorhabditis bacteriophora NC1 was used for studies with axenic nematode cultures. Nematode growth and propagation were performed according to modified methods (52) . Growth of axenic nematodes was done on P. temperata Meg1. This bacterial strain was isolated from Heterorhabditis megidis, and H. bacteriophora IJs will grow and develop with P. temperata Meg1 cells. However, because P. temperata Meg1 is not specific to H. bacteriophora, the IJs do not retain the bacteria and are thus axenic (55) .
Overnight cultures were plated onto lipid agar (1.6% nutrient broth, 1% yeast extract, 3% Bacto agar, 0.4% MgCl 2 · 6H 2 O, 1.4% [vol/vol] Karo dark corn syrup, 0.8% pure corn oil) and incubated at 28°C for 24 to 48 h. Approximately 10 infective juveniles (IJs) were seeded onto the plate and incubated for 10 to 14 days at 28°C. IJs are young nematodes that usually carry the symbiotic bacterial strain in their gut. To separate IJs from adults and hermaphrodites, 10 ml of sterile distilled water (dH 2 O) was added to the lipid agar plate and allowed for sit at room temperature for 10 min. The liquid overlay containing nematodes was collected and washed several times. Nematodes were allowed to settle, and supernatant was removed. The remaining nematode solution was applied to a 40-mm cell filter that was placed in a petri dish filled with sterile dH 2 O and incubated at room temperature for 1 to 2 h without disruption. Standing water was collected, and nematodes were harvested by centrifugation at 7,000 ϫ g for 3 min. Nematode pellets were resuspended in 2% bleach for surface sterilization. After a 15-min incubation at room temperature, the nematodes were harvested by centrifugation at 7,000 ϫ g for 3 min. The resulting pellet was rinsed by resuspending in sterile dH 2 O and collected again. This step was repeated several times. After a final centrifugation step, the supernatant was removed to leave approximately 1 cm of sterile dH 2 O above the nematode pellet and stored at 4°C and were viable for up to 2 months. Surface sterilization was verified by a bioassay. Approximately 10 IJs were homogenized in 100 l sterile dH 2 O with a micro-tissue grinder. The homogenate was plated onto PP3 agar and incubated for 48 h at 28°C.
Symbiosis assay. The ability of motility mutants to support the growth and propagation of nematodes was determined according to modified methods (52) . Overnight bacterial cultures were plated onto 24-well plates containing lipid agar and grown overnight at 28°C. After overnight growth, 10 to 12 axenic surface-sterilized IJs were added to each well. Plates were incubated at room temperature for 21 days. Primary-phase parental wild-type NC19 and Meg1 cells served as positive controls, while secondary-phase wild-type cells acted as a negative control. Following incubation, symbiosis-positive strains formed a white mass of IJs that was visible to the naked eye. Preliminary mutants exhibiting altered symbiosis capabilities were verified on individual lipid agar plates, as described previously.
Insect mortality assays. In vitro, insect pathogenesis was tested in larvae of the greater wax moth, Galleria mellonella, according to a modification of the method of Clarke and Dowds (56) . G. mellonella larvae were purchased from Grubco, Inc. (Hamilton, OH), and used within 3 weeks of arrival. Larvae were stored in wood shavings at room temperature (22°C) prior to use. P. temperata NC19 primary-phase wild-type and mutant cultures were grown in LB medium overnight with vigorous shaking. For each sample, the OD 600 of the culture was measured by a spectrophotometer (Shimadzu Scientific Instruments, Columbia, MD). Each culture was standardized to an OD 600 of 1.0 with LB medium and further diluted 10 5 -fold. This dilution contained approximately 10 cells/l, and 10 l of diluted sample (about 100 cells) was directly injected into the insect hemocoel by use of a sterilized Hamilton syringe (Hamilton Company, Reno, NV). A replicate inoculum of 10 l was spread onto LB medium containing kanamycin and 0.1% pyruvate to determine a viable cell count and also plated on MacConkey agar to determine the phase state of the cells. Two sets of controls, parental wild-type cells and sterile growth medium, were used in each experiment. All samples, including the controls, were injected into 20 larvae per sample. Larvae were incubated at room temperature, and their health was monitored every 6 to 8 h for the duration of the assay. At these time points, insect mortality was determined. Times to lethality were determined for each mutant and compared to those obtained with the parental wild type. LT 50 was defined as the time required for 50% of the larvae to die, while LT 100 was defined as the time required for 100% mortality. The effect of dosage, or multiplicity of infection (MOI), was determined by injecting different numbers of cells into G. mellonella larvae. These insects were injected as described above, but 10 l of the 10 Ϫ3 to 10 Ϫ6 dilutions was used in these assays. Insect health was monitored every 3 h, and times to lethality (LT 50 and LT 100 ) were determined for each mutant and compared to those obtained with the parental wild type at each dosage.
In vivo insect pathogenesis assays were performed to whether the mutant bacterium-nematode complex was successful in killing insects in a modification of the protocol of Bilgrami et al. (57) using G. mellonella as the insect host. Approximately 1,000 IJs containing either the wild type, mutant P13-7, or HNR1307, the genetically complemented P13-7 mutant, were added to 50 g of sterile sand moistened with 7 ml of sterile water. Twenty insect larvae were added and incubated at room temperature. Insect mortality was monitored over time for 300 h, and LT 50 and LT 100 were determined for mutants and compared to the values obtained with the parental wild type at each dosage.
RNA extraction and DNase treatment. Overnight cultures were subcultured in LB medium and grown to an OD 600 of ϳ0.7 before harvesting by centrifugation at 10,000 ϫ g for 10 min. Pellets were frozen and stored at Ϫ80°C until RNA extraction. Thawed pellets were resuspended in 100 l lysis solution (1 mg/ml lysozyme in 0.1% DEPC [diethyl pyrocarbonate]-treated TE buffer [1 mM EDTA, 10 mM Tris]) and incubated for 10 min at room temperature. The RNA was extracted by the use of the Qiagen RNeasy minikit (Qiagen Sciences, Valencia, CA), and the manufacturer's protocol was followed except that in the final elution step, 50 l of nuclease-free water was added directly to the column membrane and incubated at room temperature for 10 min before elution. To remove residual DNA, RNA samples were treated with RNase-free DNase as follows: 50 l RNA, 10 l 10ϫ DNase I buffer (New England BioLabs, Ipswich, MA), 5 U DNase I (2 U/l; New England BioLabs, Ipswich, MA), 5 l RNase Out recombinant RNase inhibitor (40 U/l; Invitrogen, Carlsbad, CA) and RNase-free water to reach a total reaction volume of 100 l. Samples were incubated at 37°C for 30 min. DNase activity was inactivated with the addition of 1 l 0.5 M EDTA (pH 8.0) (Ambion, Inc., Austin, TX) and a 10-min incubation at 75°C. RNA yield and purity (260-nm/280-nm ratio of ϳ2.0) was determined by a NanoDrop 1000 spectrophotometer (Thermo Scientific, Wilmington, DE). Following RNA quantification, the RNA samples were stored at Ϫ80°C until cDNA synthesis.
RT-PCR and cDNA synthesis. Gene expression was determined by reverse transcription-PCR (RT-PCR). cDNA synthesis was performed with random hexamers by the use of a qScript cDNA synthesis kit (Quanta Biosciences, Gaithersburg, MD) according to the manufacturer's instructions with approximately 300 ng RNA. Thermal cycling parameters consisted of 22°C for 5 min, 42°C for 30 min, and 85°C for 5 min. cDNA yield and purity were determined by a NanoDrop 1000 spectrophotometer. Endpoint PCR amplification with specific primers for pte_02637 (forward, 5=-CAA TCC GCT GCT TGC ACA GCT AAA-3=, and reverse, 5=-ATT GTT GTT CGG TTC CTG CAT GGG-3=) and approximately 500 ng of cDNA template was used to identify mRNA expression. Thermal cycling parameters included 94°C for 5 min; 30 cycles of 94°C for 30 s, 57°C for 30 s, 72°C for 90 s; and a 7-min elongation at 72°C. PCR amplicons were visualized by agarose gel electrophoresis.
Genetic complementation of mutant P13-7. The wild-type gene was first cloned by the use of a TA TOPO cloning kit according to the manufacturer's instructions (Invitrogen). The pte_02637 gene was PCR amplified with 150 ng parental wild-type gDNA as the template and designed primers (forward, 5=-CAG CGG TTA CGC TGT AGT TTG A-3=, and reverse, 5=-GTT GCT TGC TCG ACA CTG CTG ATT-3=). Fresh PCR product was ligated into the TOPO cloning vector and transformed into E. coli TOP10 cells. Colonies containing the cloned genes were identified on LB plates containing kanamycin and X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside; 20 mg/ml). Positive colonies were picked and inoculated into broth medium. Plasmid isolations were performed on cultures after an overnight incubation at 37°C. The plasmid was confirmed by its restriction pattern. The purified plasmid was digested with EcoRV, and the fragments were sized by agarose gel electrophoresis analysis. Insert orientation was determined with restriction digests and confirmed by sequencing with the primer M13F Ϫ20 (5=-GTA AAA CGA CGG CCA GTG-3=). The TOPO clone and the expression vector pBAD18-Cm (58) were cut with HindIII and XbaI according to the manufacturer's instructions (New England BioLabs). These specific enzymes enable the TOPO insert to be subcloned into the expression vector in the forward orientation. The expression vector was treated with calf intestinal alkaline phosphatase (New England BioLabs) to dephosphorylate the ends of the vector and prevent self-ligation. Manufacturer's instructions were followed except that 1 l (1 U/l) of calf intestinal alkaline phosphatase was added directly to the 20-l restriction digest, and the reaction mixture was incubated at 37°C for 30 min. For ligation, the insert was added to the vector in a 5:1 insert-to-vector ratio using 400 U of T4 ligase (New England BioLabs). The mixture was incubated at room temperature overnight. The construct (4 l) was added to 50 l electrocompetent E. coli DH5␣ and transferred to a chilled 0.2-mm cuvette. The vector was introduced into the cells by electrotransformation by the use of an electroporator (E. coli Pulser; Bio-Rad, Hercules, CA) at 12,500 V/cm and 200 ⍀. Immediately after electroporation, 500 l SOC medium (2% Bacto tryptone, 0.5% yeast extract, 0.058% NaCl, 0.019% KCl, 0.2% MgCl 2 · 6H 2 O, 0.49% MgSO 4 · 7 H 2 O, 0.36% glucose) was added to the cuvette and transferred to a fresh tube. Bacterial suspensions were incubated at 37°C with gentle shaking for 1 h. Transformants were cultured on LB plates supplemented with chloramphenicol (25 g/ml) at 37°C overnight. Potential transformants were isolated and retained for further use. To confirm the transformants, the plasmids were purified, digested with SfiI to linearize the plasmid, and electrophoresed on a 1% agarose gel in 1ϫ TAE (40 mM Tris-acetate, 1 mM EDTA [pH 8.1 to 8.5]) to confirm identity. The confirmed plasmids were electroporated into the parental wild-type of P. temperata NC19 as described above. However, the electroporation recovery and selection incubation for P. temperata NC19 were performed at 28°C. Transformants were confirmed as described above. Due to difficulties directly transforming the mutant cells, the construct was first introduced into P. temperata wild-type cells. The purified construct from the wild-type cells was used for the electrotransformation experiments with the mutants.
Expression of complemented mutants. To examine expression of complemented mutants, phenotypic assays were performed as described above, with the addition of 0.2% arabinose to all media.
Nucleotide sequence accession number. This whole-genome project has been deposited at DDBJ/EMBL/GenBank under the accession number AYSJ00000000.1. The version described in this paper is version AYSJ01000000.
RESULTS AND DISCUSSION
Genome organization and general properties. The P. temperata NC19 (ATCC 29304) genome contained a total of 5,232,343 bp and was assembled in a permanent draft sequence consisting of 17 scaffolds with an average coverage of 39ϫ. The P. temperata ge-nome had an average GϩC content of 43.3% and contained 4,555 protein-encoding genes, 3 rRNA operons, and 69 tRNA genes. Table 1 shows the general properties of the P. temperata NC19 genome compared to the P. luminescens TT01 and P. asymbiotica genomes. Since it is a draft genome, lower numbers of rRNA operons and tRNA genes were observed in P. temperata.
The arrangement of the 17 scaffolds of the P. temperata genome was predicted by MAUVE analysis (41) using the two other Photorhabdus genomes as references and confirmed by PFGE (data not shown). A singular circular map of the P. temperata genome was generated (Fig. 1) . The distribution of P. temperata, P. luminescens, and P. asymbiotica genes into clusters of orthologous groups (COG) functional categories is also presented in Fig.  1 . In general, these genomes showed similar profiles in their COG distribution profiles. The P. temperata and P. luminescens genomes had the most genes with COG classifications with 3,205 and 3,206, respectively, while the P. asymbiotica genome had 2,894 genes classified into COG. However, the P. temperata genome possessed an increase in the number of genes in COG Q (Secondary Metabolism Biosynthesis, Transport, and Catabolism) and the P. asymbiotica genomes had a reduction in the number of genes in COG K (Transcription), COG I (Lipid Metabolism), and COG L (Replication, Recombination, and Repair). The P. luminescens genome had the largest number of genes in COG L (Replication, Recombination, and Repair).
Genomic comparison among the Photorhabdus genomes. These three genomes represent the three identified Photorhabdus species (8, 9, 59 ). Based on 16S rRNA phylogeny (see Fig. S1 in the supplemental material), there was a high level of similarity be- tween P. temperata and P. asymbiotica at 97%, and a 96% similarity between P. temperata and P. luminescens, confirming previous studies (60) .
To investigate the synteny among the three genomes, they were aligned at their origins through the use of the ARTEMIS comparison tool (ACT). The P. temperata and P. luminescens genomes contained highly syntenic regions throughout their length but maintained several smaller inversions in the terminus region of the chromosome (Fig. 2) . Conversely, the P. temperata and P. asymbiotica genomes had syntenic regions that were conserved near the origin region, but large-scale inversions and relocations occurred in the terminus region of the chromosome. Many of these inversions were greater than 300 kb and associated with numerous insertion or deletion events, transposases, and repeat sequences. The P. temperata chromosome also contained unique regions that were not found in the other two genomes.
The three genomes have a conserved core of 2267 genes, which represented 50% of the P. temperata genome (Fig. 3 ). The number of unique genes for P. temperata, P. luminescens, and P. asymbiotica genomes were 810, 872, and 607, respectively. Among the 810 genes that were unique to P. temperata, there were 454 genes for hypothetical proteins, 44 conserved domains of unknown function, 41 phage-related genes, and 25 natural-product-related genes. Table S1 in the supplemental material presents all genes that had an assigned predicted function and were unique to P. temperata. Among some of the major classes of genes that were conserved among all three species were those related to general metabolism, cell transport and secretion systems, cell signaling, and some secondary metabolite biosynthesis. Table S2 in the supplemental material presents all genes shared among all Photorhabdus species.
To get a clear overall picture of the phylogeny among the Photorhabdus genomes, we examined multiple genes that are common to these genomes and other related bacteria. Orthologs among Photorhabdus, Xenorhabdus, Serratia, Yersinia, and Shigella genomes were determined by a modified Lerat method (47). A concatenated maximum-likelihood phylogenetic tree was generated from 1,203 conserved orthologs (Fig. 4) . Contrary to the 16S rRNA results, P. temperata and P. luminescens clustered together away from P. asymbiotica. Unlike previous studies based on a single gene, the grouping of P. temperata and P. luminescens was resolved by the use of this multigene phylogeny approach.
Unique group of conjugative genes. Analysis of the P. temperata genome revealed the presence of genetic remnants for a number of genes involved in conjugative plasmid transfer (see Table S3 in the supplemental material). The proteins are responsible for transfer machinery and global regulation, which acts as an incompatibility determinant. These genes were in the P. temperata ge- nome but not in the P. luminescens or P. asymbiotica genomes. The nearest evolutionary neighbors of these conjugative-related proteins were proteins from Xenorhabdus nematophila. In previous attempts to use conjugative genetic systems, there has been difficulty in transferring genetic material from E. coli to P. temperata (data not shown). These conjugation-related genes may account for this difficulty to move plasmids with specific origins of transfer between the two bacteria.
While examining the unique genes in P. temperata and determining the genes responsible for plasmid incompatibility, we observed a contiguous 104-kb region of the genome that consisted of 58 genes from the X. nematophila plasmid XNC1_p. This region and genes were found only in the P. temperata genome and were not present in any other Photorhabdus genomes sequenced to date (see Table S4 in the supplemental material). This region of the genome was also flanked by numerous transposases and insertion sequences. Comparative analysis of P. temperata genes to X. nematophila showed Ͼ85% identity at the protein level for the predicted amino acids and Ͼ90% identity at the nucleotide level when the whole genomic region was compared, including intergenic spaces.
Organization of the Photorhabdus secondary metabolome. The Photorhabdus genomes encode a large number of biosynthetic gene clusters responsible for the production of natural products and secondary metabolites. Bioinformatic analysis of the P. temperata genome for biosynthetic clusters of potential secondary metabolites and other natural products was performed through the use of the antiSMASH program (50, 51) . From this analysis, there were 18 potential natural product biosynthetic clusters distributed throughout the P. temperata genome ( Table 2 ). For 10 of 18 of these clusters, the predicted chemical structure of the product was made by bioinformatic analysis alone (Table 2 ; also, see Though Photorhabdus species are predicted to produce a wide variety of secondary metabolites, only a small number have been completely characterized. To date, the following gene clusters have been identified in Photorhabdus species: a siderophore catecholate (61), the pigment and antibiotic anthraquinone (62), the antibiotic stilbene (63, 64) , GameXPeptides (65), mevalagmapeptides (65), photopyrones (66) , glidobactin (67) , and a carbapenem antibiotic (68) . However, GameXPeptides, mevalagmapeptides, photopyrones, glidobactin, and carbapenem biosynthetic gene clusters were not present in the P. temperata genome. The 18 P. temperata biosynthetic gene clusters were compared to other Photorhabdus genomes to identify any similarities in these previously identified clusters. Clusters PT06 and PT09 identified from the antiSMASH analysis of the P. temperata genome were not found in other Photorhabdus or Xenorhabdus genomes and were completely unique to P. temperata. Clusters PT12 and PT13 shared homology with the Xenorhabdus genomes but were not found in either Photorhabdus genome. Five biosynthetic clusters (PT07, PT08, PT10, PT15, and PT18) shared homology only with the P. luminescens genome. Conversely, two biosynthetic clusters (PT02 and PT17) shared homology exclusively with the P. asymbiotica genome.
Biosynthetic cluster PT16 (pte_04184) was identified in P. temperata (previously called P. luminescens) and is responsible for the production of the catecholate siderophore photobactin (52) . In our study, through BLASTP analysis, this biosynthetic cluster was also found in P. luminescens (plu3532) and P. asymbiotica (pau_00890). Photobactin has antimicrobial activity, which is activated by the phosphopantheinyl transferase NgrA (pte_04227), whose gene was present in P. temperata as the last gene of a polyketide synthase (PKS) biosynthetic (PT17) gene cluster (61) . While this siderophore is important for iron sequestration, it was not involved in facilitating symbiosis (61) . However, its antimicrobial activity may play a role in maintaining the monoculture environment within the insect cadaver. Biosynthetic cluster PT07 was predicted to produce an anthraquinone, which is both a pigment and an antimicrobial. A comparative protein BLAST search within the P. temperata genome also confirmed this prediction. Furthermore, P. temperata produces a red pigment that suggests anthraquinone production. Biosynthetic cluster PT07 encodes a type II PKS (see Fig. S3 in the supplemental material), which was predicted to contain the ant-ABCDEFGHI operon. The genes in this operon were highly homologous to the ant operon found in P. luminescens and identically organized (62) . This ant operon was not found in the P. asymbiotica genome, but the remnants of 4 genes were present. At the amino acid level, the predicted products of these remnant genes had an identity of 37% or less to P. luminescens and P. temperata predicted proteins. This typical type II PKS gene-containing biosynthetic gene cluster is often found in actinomycetes and is homologous to those in Frankia sp. strain EUN1f and multiple species of Streptomyces.
Furthermore, the biosynthetic gene cluster responsible for the production of isopropylstilbenes in P. luminescens (69) was identified in the P. temperata genome. Through a comparative protein BLAST search within the P. temperata and P. asymbiotica genomes, four gene clusters responsible for stilbene biosynthesis were identified (see Fig. S4 in the supplemental material). These gene clusters were not detected through the use of antiSMASH. Many of the genes identified through the BLAST search are adjacent to predicted gene clusters from antiSMASH, but none were within these clusters. Gene cluster PT11 was flanked by two sets of genes identified from the BLAST search. In the P. temperata genome, the stlA gene (pte_02764) was located 16 genes upstream of PT11. The stlCDE (pte_02827, pte_02826, and pte_02825) genes were adjacent to gene cluster PT11, with only a single gene between PT11 and stlCDE. However, the homologous stlDE (plu2164 and plu2165) genes from P. luminescens were identified as homologs of cluster PT11 from antiSMASH. Due to this homology and organization, cluster PT11 was predicted to be involved in stilbene biosynthesis. The presence of stilbene was further confirmed with mass spectrometry (Helge Bode, personal communication).
Carbapenem biosynthesis was previously identified in P. luminescens (68) . Both antiSMASH and protein searches failed to identify the presence of carbapenem biosynthetic clusters in P. temperata and P. asymbiotica. However, the remnants of a 1-carbapen-2-em-3-carboxylic acid operon were found in the P. temperata genome. Three genes were scattered within the genome.
Presence of type III and VI secretion systems. The P. temperata genome contained two secretion systems that have been tied to pathogenesis: a type III secretion system (T3SS) and a T6SS.
All three Photorhabdus genomes contained four complete T6SS operons (see Fig. S5 to S8 in the supplemental material) and several T6SS-related genes that were not part of an operon. Previous annotations of the P. luminescens and P. asymbiotica genomes did not identify the presence of T6SS but were identified from the BLASTP comparison with the P. temperata annotation. From the BLASTP analysis, each of the four operons contained all of the genes required for a functional T6SS (70) . Each of the four operons varied in structure and gene content, and they were not spatially arranged in the same way among the three species. The first T6SS operon revealed the most divergence of the four operons (see Fig. S5 in the supplemental material) .
In contrast to the first T6SS operon, the three additional T6SS operons shared higher homology levels. The second T6SS operon was the most compact and gene dense of the four clusters at ϳ20 kb (see Fig. S6 in the supplemental material) . Nearly all the gene products in both P. luminescens and P. asymbiotica shared a sequence identity of Ͼ85% with P. temperata proteins, making it the most conserved of the four operons. T6SS operon 3 was the most expansive of the T6SS operons found in P. temperata and spanned over 30 kb (see Fig. S7 in the supplemental material) . This operon contained eight central genes that were not related to any known T6SS operon and have no homology to genes in P. luminescens or P. asymbiotica. The rest of the genes that encode the T6SS are homologous to T6SS-encoding genes in P. luminescens and P. asymbiotica.
The last T6SS operon found within the P. temperata genome showed interesting properties. The gene cluster was ϳ20 kb in length but contained five genes not related to known T6SS genes (see Fig. S8 in the supplemental material). Located ϳ8.7 kb upstream was the TcdA/TcdB insect toxin gene (pte_02753). Upon closer examination, this TcdA/TcdB insect toxin gene was identified as mcf1 (makes caterpillars floppy) from a PSI-BLAST against the NCBI nonredundant database. This T6SS operon was not located in a similar position in the P. asymbiotica and P. luminescens genome. The fourth T6SS operon was highly conserved among the three genomes at 80 to 98% protein identity levels.
In other entomopathogenic bacteria, T6SS seem to play a role in the insect infection process (71) . Furthermore, T6SS are generally known to function as a virulence factor for many pathogens that interact with eukaryotic cells, including Vibrio cholerae, Pseudomonas aeruginosa, and Burkholderia mallei (72) . Besides being a virulence factor, T6SS have the potential to promote beneficial interactions with eukaryotic cells. During Helicobacter hepaticus interaction with the mouse intestinal microbiota, T6SS interacts with epithelial cells of the intestinal epithelium. This interaction limits colonization and intestinal inflammation and possibly prevents an immunological response to help promote the proper functional microbiota (73) . This active suppression of the innate and adaptive immune responses may be analogous to how Photorhabdus colonizes the epithelium of its nematode partner's intestine.
At least one T3SS operon was found in all of the Photorhabdus genomes (see Table S7 in the supplemental material). The P. asymbiotica genome also contained a second novel T3SS that was not found in the other two genomes (36) . The Photorhabdus T3SS contained a highly conserved type III secretion system backbone similar to those found in Yersinia pestis and Pseudomonas aeruginosa (74) . Of the 30 genes found in the P. temperata T3SS operon, most gene products shared Ͼ90% identity with their P. luminescens and P. asymbiotica counterparts. Among the three genomes, these genes were spatially organized in a similar manner (see Fig.  S9 in the supplemental material). Pathogens often translocate molecularly distinct effectors through the T3SS (70). The P. temperata genome contained three T3SS effectors located in the operon. The effectors were the YopT-like peptidase gene (pte_00337), YopR gene (pte_00342), and TyeA gene (pte_00360). The effector for P. asymbiotica was not located in the backbone of the T3SS. A YopT-like effector was identified by a genome-wide approach and shown to be further downstream of the backbone itself. P. temperata shared 79% and 75% identity with these same YopT-like effectors of P. luminescens and P. asymbiotica, respectively. Previous studies failed to identify the effector for P. asymbiotica in the backbone of the T3SS (75) . In Photorhabdus, T3SS is necessary for insect colonization and shown to play an important role in evading the insect cellular immune reaction of nodulation (76) .
Identification of potential pathogenesis genes. Besides these secretion systems, the P. temperata genome was also analyzed for the presence of other virulence genes. Table S5 in the supplemental material lists the insect toxin complex (TC) genes identified within the P. temperata genome and their P. luminescens and P. asymbiotica homologs. There were 21 predicted TC genes present within the genome. The TC genes are essential for insect pathogenesis. Beside the TC genes, the P. temperata genome contains several other virulence factors, including three cytotoxin genes, four cytotoxin-related activating genes, and two additional homologs to RtxA-like proteins (see Table S6 in the supplemental material). Furthermore, 14 hemolysin-related genes were identified within the genome. A total of 23 protease-related genes and 16 lipase-related genes were identified. All of these gene products shared a high degree of identity with known virulence factors.
Transposon mutagenesis of P. temperata. A genetic approach was initiated to understand the role of motility in the life cycle of Photorhabdus. The plasmid pUB394 was used to deliver a miniTn5 into P. temperata NC19 to construct a mutant library. To help reduce sibling mutations, the mutant bank was generated from 7 different batches of transpositions, and about 500 to 2,800 mutants were isolated in each batch. The resulting library consisted of 10,176 transposon mutants. The frequency of transposition defined as the ratio of cells resistant to kanamycin and sucrose to total cells present was 5.4 ϫ 10 Ϫ8 . Southern analysis of 7 randomly chosen mutants confirmed single, random mutations of the miniTn5 (data not shown).
Screening and isolation of motility mutants. The entire transposon library was screened for mutants defective in motility by the use of the swim or swarm migration plate assays (Fig. 5) . A total of 86 mutants with altered motility were identified and were classified into five different phenotypic groups. First, 23 nonmotile mutants were identified on swim medium by the absence of ring formation (Fig. 5A) . These mutants formed a compact colony on this medium and did not form swim rings even after 72-h incubations. A second class of mutants was identified that exhibited aberrant motility. These mutants were motile but had defective or aberrant swim ring formation (Fig. 5B) . Thus, the swim ring was smaller and/or oddly shaped. There were 12 mutants classified as this phenotype. A third class of mutants was identified as hyperswimmers (Fig. 5C ). These 12 mutants formed swim rings noticeably earlier than the parental wild type.
P. temperata requires additional NaCl or KCl for optimal swimming motility (31) . In the absence of this additional salt, the cells are nonmotile and do not produce flagella. A fourth class of mutants was isolated on swim medium lacking additional salt (Fig. 5D ). Five mutants were isolated that were able to form swim rings in swim medium lacking additional salt (NaCl). The last motility mutant group consisted of 33 mutants with altered swarming behavior (movement on solid surfaces). Photorhabdus cells swarm optimally on the surface of complex media with 0.45% agar, but swarming motility is reduced at higher concentrations (above 1%) of agar (32) . When the mutant library was screened for motility on swarm medium containing 1% agar, 33 mutants were identified as hyperswarmers (Fig. 5E ). These mutants swarmed faster and formed larger swarm rings than the parental wild types. Many of the hyperswarmer mutants formed unique patterns on these swarm plates (see Fig. S10 in the supplemental material).
Physiological properties of the motility mutants. All five classes of mutants were retested for motility under three different conditions (Table 3 ; also, see Table S7 in the supplemental material). As expected, all of the nonmotile mutants were nonmotile both in swim media and on swarm media. Aberrant mutants showed reduced swim ring formation with NaCl and were nonmotile without NaCl. All of these mutants were also defective in swarming motility. Hyperswimming mutants showed increased swim ring formation, and six mutants also had increased swarm ring formation (P2-H12, P10-D9, P7-E1, P62-H6, P93-A4, and P75-A4). Although these six mutants were initial classified as hyperswimmers, they can be moved into the hyperswarmer category based on the results of this secondary test (Table 3 ; also, see Table  S7 in the supplemental material). These six mutants were probably missed in the initial screening process. However, not all of the hyperswimming mutants formed swim rings in medium without NaCl. Hyperswarmer mutants displayed increased swarm ring formation that was 4-to 10-fold greater than that of the parental wild type. These mutants also exhibited wild-type or higher levels of swim ring formation in the presence of additional NaCl. In the absence of NaCl, these mutants could be subdivided into two mutant groups: motile and nonmotile. The mutants able to swim without NaCl swam as well as the wild type with NaCl, with one mutant (P4-9) that was also a hyperswarmer.
Several phenotypic properties of the motility mutants and their parental strains were investigated (Table 3 ; also, see Table S7 in the supplemental material). In general, no overall patterns were observed for each mutant classification. Approximately 25 of the 86 motility mutants had altered production of extracellular enzymes. Four mutants (P35-B12, P61-A3, P5-11, and P13-7) had profiles similar to those of wild-type secondary-phase cells showing altered pigment production and reduced levels of extracellular products. The downregulation of numerous phenotypes suggests mutations in global regulatory 
Defective motility P13-7 18.7 Ϯ 1.5 c Insect pathogenesis was determined on G. mellonella larvae as described in Materials and Methods. LT 50 and LT 100 are the time (in hours) required to kill 50 and 100% of larvae. d Symbiosis was determined by the nematode assay and determined by the development of mature IJs. ϩ, capable of normal nematode development similar to the parental wild type; Ϫ, incapable of supporting nematode development; E, enhanced (nematode development occurred 2 days earlier than with the parental wild type); D, delayed (nematode development occurred 2 days later than with the parental wild type). e Dye absorption on EB and MacConkey plates was noted at 48 h. A positive result on EB plates was indicated by metallic green colonies, and a negative result was indicated by dull purple colonies. A positive result on MacConkey plates was indicated by bright red colonies and a negative result by colorless or pink colonies. f DNase and protease activities were determined by measuring the sizes (in millimeters) of the halos surrounding the bacterial colonies 24 h after inoculation. ϩϩϩ, hyperpositive (Ͼ4-mm halo); ϩϩ, strongly positive (2-to 4-mm halo); ϩ, positive (1-to 2-mm halo); Ϯ, weakly positive (Ͻ1-mm halo); Ϫ, negative (no halo). Hemolytic activity was determined by clearing zones around the bacterial colonies. ϩ, strong annular hemolysis; Ϯ, weakly positive hemolysis, Ϫ, no hemolysis. Antibiotic production was determined by measuring the size of the halo (in millimeters) surrounding the bacterial colonies 1 day after inoculation of the tester bacterium (Micrococcus luteus). ϩϩ, strongly positive (Ͼ5-mm halo), ϩ, positive (2-to 5-mm halo); Ϯ, weakly positive (Ͻ2-mm halo); Ϫ, no halo.
elements. Alternatively, these mutants could have converted to secondary-phase cells. Antibiotic production was the most altered phenotype of the motility mutants, with 18 mutants being upregulated or downregulated. Three mutants (nonmotile mutant P72-C6 and hyperswarmers P11-A6 and P83-B10) had almost 2-fold increases in the zone of inhibition compared to the wild type. Protease activity was also upregulated or downregulated in 5 mutants, while DNase activity was altered in only one mutant (P39-E6) with a 2-fold increase in activity compared to the wild type. Several mutants had reduced hemolysin production; none had increased hemolysin activity.
Identification of pathogenesis mutants. All 86 motility mutants were screened for altered pathogenesis properties by use of the in vivo wax moth test system. Approximately 100 cells were directly injected into the host-insect G. mellonella, and mortality over time was determined (see Fig. S11 in the supplemental material). The parental wild-type primary phase cells killed the entire larval population injected by 46 h (LT 100 ) and required 38 h to kill 50% of the population (LT 50 ). From the first screen with a 100-cell dose, 13 of the 86 mutants tested exhibited higher or lower LT 50 and LT 100 values than the parental wild-type (Table 3 ; also, see Table S7 in the supplemental material). These mutants included the following categories: 7 hyperswarmer mutants (P12-A1, P50A6, P83-A9, and P83-B10 plus 3 mutants originally identified as hyperswimmer mutants (P62-H6, P75-A4, and P93-A4); 3 nonmotile mutants (P4-27, P20-F12, and P86-G6); and 3 motilitydefective mutants (P13-7, P58-C8, and P64-D5). Of these 13 mutants, 5 mutants (P58-C8, P20-F12, P93-A4, P83-B10, and P62-H6) had lower LT 50 and LT 100 values, which suggested enhanced virulence. There were 8 mutants (P13-7, P64-D5, P4-27, P83-A9, P75-A4, P12-A1, P50-A6, and P86-G6) had elevated LT 50 and LT 100 values, implying reduced virulence. Over time, all of the mutants killed the insects. No mutants were identified that were completely defective in pathogenesis. Since all mutants and the parental wild-type cells had the same growth rate (data not shown), these differences in pathogenesis were not correlated to growth rate. These 13 mutants were selected for further study.
Confirmation of pathogenesis mutants. One possible explanation for the differences in virulence levels described above could be variation in viable cell numbers. To verify these changes in virulence, the effect of dosage was tested. The larvae were directly injected with dosages ranging from 10 to 10,000 cells per insect. The objective of these experiments was to identify mutants that consistently caused an altered mortality rate at each dosage. A dose-dependent response was observed for both LT 50 and LT 100 determinations (Fig. 6) . Three motility mutants (P13-7, P58-C8, and P64-D5) maintained an altered virulence pattern over the range tested and were chosen for further study. Mutant P58-C8 exhibited enhanced virulence, causing mortality approximately 10 h sooner than the parental wild type. The other 2 mutants, P13-7 and P64-D5, exhibited a delayed pathogenesis response and killed larvae approximately 10 to 20 h later than the parental wild type. These mortality values were consistent for both LT 50 (Fig.  6A ) and LT 100 (Fig. 6B) values.
Effect on nematode symbiosis. Besides pathogenesis, another important aspect of the Photorhabdus life cycle is the symbiosis with a nematode host. The motility mutants used as described above were also examined for their ability to support the growth and development of H. bacteriophora nematodes. The mutants were first screened for symbiosis defects or changes via a nematode plate assay described in Materials and Methods. Cultures capable of supporting nematode growth were clearly identified by a white mass of nematodes. Capabilities were compared to two positive wild-type controls, P. temperata strains NC19 primary phase and Meg1. Negative controls included P. temperata NC19 secondary phase, E. coli, and sterile lipid agar. From the initial screening (Table 3 ; also, see Table S7 in the supplemental material), mutant P58-C8 showed an accelerated rate of symbiosis formation that resulted in a mature mass of IJs a few days earlier than in the parental wild type. Mutant P64-D5 showed a delayed symbiosis response, forming a nematode mass a few days later than the wild type. Mutant P13-7 showed a wild-type response, developing a mature mass at the same time period. Since all mutants and the parental wild-type cells had the same growth rate (data not shown), these differences in symbiosis were not correlated to growth rate.
The symbiosis assay was repeated on individual lipid agar plates rather than a 24-well plate, and the results were confirmed. Mutant P64-D5 exhibited a delayed-symbiosis trait that resulted in nematode development occurring approximately 2 days later than in the parental wild type. Mutant P58-C8 showed an accelerated-symbiosis trait that resulted in nematode development approximately 2 days earlier than in the parental wild type. Both of these mutants also had altered insect pathogenesis responses. Mu-tant P58-C8 showed both accelerated nematode development and enhanced virulence. Initial pathogenesis screening indicated that P64-D5 showed both a delayed pathogenesis response and symbiosis capabilities. Mutant P13-7 showed only a delayed pathogenesis response and wild-type symbiosis. This mutant was chosen for genetic complementation.
Genetic analysis. The mini-Tn5 insertion sites of several mutants that represented each class or had altered insect pathogenesis were identified (Table 4) . Not surprisingly, two nonmotile mutants (P4-27 and P59-G8) had insertions in the structural genes flgE and flgK, whose products are part of the flagellar hook. Another nonmotile mutant P3-C8 had an insertion in flagellar biogenesis gene flhB. One of the defective motility mutants was also in flgK and was nonmotile.
Three mutants of the "swim without NaCl" class were identified. Mutant P4-9 had an insertion into pte_01778 gene that had 83% and 71% identity to P. luminescens plu3734 and P. asymbiotica pau_03032 gene products, respectively. This gene encodes a (Table 4) . Mutants P7-A8 and P20-D5 appear to be sibling mutations in the same site (pte_03319). Two mutants had insertions at two separate sites in the pte_04499 gene, which encodes a nonribosomal peptide synthetase that was associated with biosynthetic cluster PT18 ( Table 2) . Mutant P2-A9 had an insertion in the pte_02547 gene, which encodes Hnr, a, two-component response regulator that has 52% identity with the Escherichia coli sigma-S factor regulatory protein RssB. Mutant P75-A5 had an insertion in pte_01774, which encodes a putative transcriptional regulator (AbgR family).
The hyperswimmer mutant P5-2 had an insertion in pte_ 02486, which encodes a farnesyl-diphosphate farnesyltransferase or phytoene synthase. This protein was part of biosynthetic cluster PT10, which is predicted to produce a terpene compound.
Two mutants from the defective motility category were identified (Table 4) . Both of these mutants were also defective in pathogenesis. Mutant P13-7 had an insertion in the pte_02637 gene, which codes for exonuclease II. Mutant P64-D5 contained an insertion in pte_02122 gene. The product of this gene is predicted to be an uncharacterized conserved protein similar to YheO that contains a PAS and helix-turn-helix domains, suggesting a DNAbinding protein with signal capabilities.
Genetic complementation of the P13-7 mutant. Although these transposon mutants showed these specific defects in pathogenesis and motility, the definitive link to demonstrate causality is genetic complementation. The mutant P13-7 with a disruption in pte_02637 was chosen for this experiment, and a PCR approach was taken. The wild-type pte_02637 gene was amplified using external primers, cloned into a TOPO vector and subcloned in the pBAD18-Cm expression vector as described in Materials and Methods. The resulting construct, pHR1, was introduced into P13-7 and the parental wild-type (NC19 primary form). The control plasmid pBAD18-Cm was also introduced into the parental wild-type and the mutant strain. P13-7 cells complemented with pHR1 (HNR1307) were immediately recognized and had different appearance from the P13-7 with the control vector (HNR1318). HNR1307 recovered pigment production activity, while control HNR1318 did not. Endpoint RT-PCR verified the expression of pte_02637 gene in the complemented mutant, HNR1307 (see Fig. S12 in the supplemental material) .
The physiological properties of the P13-7 mutant and complemented mutant were investigated (Table 5 ). Genetic complementation (HNR1307) restored P13-7 to the primary-phase wild-type pattern for all of the traits tested. It was immediately noticed that the complemented mutant, HNR1307, returned to yellow pigmentation on LB agar plates. Several other physiological traits, including dye binding, protease, and hemolytic activities, were restored to the wild-type levels. Overexpression of pte_02637 (HNR0606) caused more dye binding on MacConkey plates and created more annular hemolysis on blood agar than was observed with the parental wild type.
The P13-7 mutant was originally identified as aberrant motility mutant, and genetic complementation of the mutation restored wild-type swimming behavior (Table 5 ; also, see Fig. S13 in the supplemental material). The control plasmid (HNR1318) did not complement the mutation. Both the control plasmid and the pte_02637 construct caused a slight increase in the swim ring diameter for the wild-type cells (HNR0018 and HNR0606). These data show causality for these physiological traits.
The key property for this study was insect pathogenesis. The P13-7 mutant showed a delayed insect pathogenesis. Genetic complementation (HNR1307) restored P13-7 to wild-type virulence levels (Table 5) . In this assay, cells were pregrown with arabinose to induce expression of pte_02637. Wild-type cells overexpressing this gene were more virulent, showing lower LT 50 and e DNase and protease activities were determined by measuring the sizes (in millimeters) of the halos surrounding the bacterial colonies 24 h after inoculation. ϩϩ, strongly positive (2-to 4-mm halo); ϩ, positive (1-to 2-mm halo); Ϫ, negative (no halo). Hemolytic activity was determined by clearing zones around the bacterial colonies. ϩϩ, enhanced annular hemolysis; ϩ, strong annular hemolysis; Ϫ, negative (no hemolysis). Antibiotic production was determined by measuring the sizes (in millimeters) of the halos surrounding the bacterial colonies 1 day after inoculation of the tester bacterium (Micrococcus luteus). ϩ, positive (2-to 5-mm halo); Ϫ, negative (no halo).
LT 100 values than the wild-type control. These in vitro insect pathogenesis assays were followed up by the use of an in vivo assay with nematodes serving as a vector. Axenic nematodes were reared on either wild-type, P13-7, or HNR1307 (the genetically complemented P13-7 mutant) cells. Nematodes containing the P13-7 mutant was also defective for in vivo insect pathogenesis (LT 50 and LT 100 values of 82 h and 140 h, respectively), while nematodes containing wild-type cells had LT 50 and LT 100 values of 71 h and 121 h, respectively. Nematodes containing HNR1307 (the genetically complemented P13-7 mutant) exhibited LT 50 and LT 100 values that returned to the wild-type level (71 h and 123 h, respectively). Nematodes reared on the P64-D5 mutant were also defective for in vivo insect pathogenesis (LT 50 and LT 100 values of 80 h and 144 h, respectively). P13-7 was also defective in antibiotic activity, and complementation also restored antibiotic activity. Mutant P13-7 had a disruption in the pte_02637 gene encoding RNase II, a 3= to 5= exoribonuclease II. As part of an essential RNA-degrading multiprotein complex, RNase II is involved in the maturation, turnover, and quality control of RNA (77, 78) . For many pathogens, the activity of RNase II has been correlated with the regulation of virulence and motility (79, 80) . With Escherichia coli, the results from next generation sequencing show that RNase II mutants inhibited motility and increased biofilm production. In our system, RNase II globally regulates many factors, including virulence, motility, cell surface properties, production of antimicrobial agents, and hemolytic activity.
Summary. The P. temperata NC19 genome was sequenced and analyzed through comparative genomic approaches. A large number of biosynthetic gene clusters were identified within the P. temperata NC19 genome, and the presence of four complete T6SS and a single T3SS was revealed. The presence of a contiguous 104-kb region that was orthologous with a X. nematophila plasmid XNC1_p was also found only in the P. temperata NC19 genome. A genetic approach was started to identify genes involved in symbiosis and/or pathogenesis and mutants with altered motility. Five classes of motility mutants were identified and characterized physiologically and genetically. These mutants were screened for altered insect pathogenesis and reduced to a small pool of candidates. Only three mutants from the motility-defective category showed consistent results in altered pathogenesis. One mutant with a defective in RNase II showed decreased motility, virulence and production of extracellular factors. Genetic complementation of the mutant restored wild-type activity, showing causality. These results demonstrate a role for RNA turnover in insect pathogenesis and other physiological functions.
